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Photogeneration of Very Active Homogeneous Catalysts Using Laser Light

Excitation of Iron Carbonyl Precursors

Abstract: Fe(CO)5 and Fe:,’((ZO)]2 can be photoactivated with intense
ultraviolet or visible light from a laser to yield catalytic reaction

of alkenes. Irradiation for short time periods with intense light allows
limits to be placed on the turnover rates for the photogenerated catalysts.
Isomerization of neat 1-pentene, and reaction of neat 1/1 mole ratio
HSiEt3/1-pentene mixtures, at 25° C have been

~ studied using Fe(CO)5 and Fe3(C0)]2 as the photochemical catalyst precursor.
Data show that turnover rates(1-pentene molecules consumed per Fe(CO)5 or
Fe3(C0)]2 molecule initially present per minute) exceed 1000 in most cases.
In practical terms, we find that neat 1-pentene solutions can be >25%
isomerized to cis- and trans-Z-pentene in <5 s with ~10'2ﬂ Fe(CO)S; and
3.66M/3.66M,HSiEt3/1-pentene can be >25% converted to non-Cs alkene products
in <10s at <1072 M Fe3(C0)y,.  These data establish the

photogenerated catalysts from Fe(CO)5 and

Fe3(C0)]2to be among those having the fastest turnover

rates known for homogeneous organometallic catalysts.

Conventional Xenon flash photolysis experiments (<100 usec flash) indicate
that catalytic action is ove~ within seconds after the light pulse. In such
experiments, a single flash zan yield up to 50% conversion of neat 1-pentene
to products. Intense irradiation does not significantly alter the
distribution of products obsarved compared to previous studies employing

low light intensity excitation.
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Photogeneration of Very Active Homogeneous Catalysts Using Laser Light

Excitation of Iron Carbonyl Precursors

Sir:
Photoinitiation of homogeneous catalysis by irradiation of
thermally inert iron carbonyl catalyst precursors has been demonstrated
to be a procedure for effecting olefin isomerization, hydrogenation, and
hydrosilation reactions at Tow tempe\rat:ur‘e'l'3 compared to thermal
catalysis.4 However, there has been very little quantitative information
concerning the activity of photogenerated catalysts. In this communication ;
we wish to report preliminary experiments that show that Fe(CO)5 and Fe3(CO)]2
are photochemical precursors to thermally active catalysts that rival the

5

fastest homogeneous catalysts known.™ The catalytic chemistry studied has

been that represented by equations (1) and (2) and the question addressed has >een:

o= AN
A" TFe CO)s or S 2 (1) 1
Fe,(C0)4,
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Fe(CO); or Fe {00, (2)
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what is the turnover rate for the photogenerated catalysts? Answering such a
question is important in establishing whether photoinitiation of catalysis
can provide products at a useful rate. But the énswer is not straight-
forwardly obtained, since the actual catalyst in this system is not well-
characterized. We have taken an approach that allows us to put some
Jower limits on the activity of the catalyst.

The observed quantum yie]dAfor consumption of 1-pentene according

to (1) or (2) significantly exceeds um’ty]'3

and indicates that
an active catalyst is generated photochemically. But the quantum
yield at a single light intensity only gives the
efficiency for utilizing incident quanta. The quantum yields
fromFe(CO)5 or Fe3(C0)12 photocatalyzed reactions are not found to be
infinite; catalysis does not persist in the dark after photo-
initiation in these systems. Sealed reaction vessels lead to the
possibility of the catalyst back reacting with photoejected €O, while
purging with an inert gas to remove the CO ieads to clusters that are
catalytically inactive. This chemistry complicates the determination
of catalyst turnover rate. Thus, the approach we have taken has been to
determine the observed rate of 1-pentene consumption using very high light
intensity excitation where the catalyst turnover rate, not photogeneration
of the catalyst, could become the rate limiting feature. The results are
given below.

Photocatalysis experiments according to equations (1) and (2) were
carried out using an Ar fon laser as the excitation source to provide
very high light intensity. Consumption of 1-pentene as a function of
irradiation time proves to be a very fast process. Typically, we have

monitored the chemistry by gas chromatography, but in these experiments

we found that the reactionis so fast that we became concerned about the




finite time interval involived in opening hermetically sealed ampules to

quench any residual dark catalytic activity.

Irradiation of several samples for equal time followed by analysis of each

at a different time after irradiation reveals no dark after effects; that is,
jt would appear that when the light is turned off catalysis ceases essentially
instantly. The time resolution of this sort of experiment is <30 s, the time
needed to quench any catalytic activity by expcsing the solutions to 02 by
opening the hermetically sealed ampules. We have found that neat 1-pentene
solutions can be quantitatively analyzed hy near-infrared absorption spectro-
scopy. Figure 1 shows the results of catalysis on a portion of the near 3
infrared spectrum of 1-pentene. Independent measurement of the spectra of
pure cis-2-pentene and pure trans-2-pentene in the same wavelength range

shows that the spectral changes shown in Figure 1 are consistent with the

chemistry represented by equation (1) where the ratio of trans-2-pentene
to cis-2-pentene is roughly 3 to 1. The near-infrared spectrum of
1-pentene shows bands not present in the 2-pentenes and allows quantitative
analysis og 1-pentene disappearance on a time scale much faster than gas
chromatography. Comparison of a near infrared spectrophotometric analysis
and gas chromatographic analysis of l-pentene disappearance show that the
near infrared is a reliable quantitative technique. Monitoring the unique
near infrared absorbance of )-pentene shows that catalysis persists for
<5 s.after irradiation of Fe(C0)5/1—pentene mixtures is terminated.
Flash photolysis followed by monitoring at 1330 nm shows that catalysis
is over within a few seconds after the light is switched off (vide infra).
Table 1 summarizes typico) data for photocatalysis experiments using
high light intensity continuous laser excitation. The shortest convenient
trradiation time was 5 s in such experiments and roughly 25-50% conversion

of neat starting material to product could be obtained using either Fe(CO)5




- or Fe3(C0)]2. In reaction of HSiEt with 1-pentene the 2-pentenes account

for only ~25% of the 1-pentene reacted; that is, 75% of the l-pentene
yields n-pentane and Si-containing material. In all cases the observed
quantum yield, @, (number of 1-pentene molecules consumed per incident
photon) exceeded unity and turnover rates generally exceeded 1000. The
turnover rates given are based on the concentration of Fe(co)5 or
l-‘e3((‘,0)]2 initially present and are thus lower limits. The data shown
establish the catalyst from Fe3((20)]2 or Fe(CO)5 to be among the most
active homogeneous organometallic catalysts.

Determining turnover rates accurately depends on knowing the
catalyst concentration and being able to simultaneously measure the
reaction rate. F]asp photolysis provides a way to génerate a certain
catalyst conpentratioﬁ and catalytic chemistry could be monitored in the near
infrared. We fihd that catalytic chemistry is easily observable using
flash photolysis, and we had hoped that we could monitor the decline of the
1330 nm near infrared overtone absorption following the excitation flash of
<100 ps duration. Quantitative analysis, Table I? shows that a single flash
can yield a large extent conversion. The difficulty is that flash photolysis
of Fe(CO)5 or i~‘e3((:0)]2 in 1-pentene yields a near infrared absorbing
transient with a lifetime of about one second precluding a quantitative

measure of the 1330 nm absorbance. The conclusion to be drawn now is that

. . . . e 6
the catalytic chemistry is over within a few seconds after the excitation flash.

Continued effort is being directed to the use of flash photolysis to
measure turnover rates.

Intense irradiation, and especially pulsed excitation, raises the
possibility of unusually active species being formed.6 For example, the

primary result of irradiating Fe(CO)5 is believed to be that represented by

equation (3).7 When pulsed excitation is used the leading edge of the
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Fe(c0)y ™ Fe(CO), + CO 6 (3)

pulse may effect the process represented by equation (3) while the

trailing portion may effect further CO loss as in equation (4). The Fe(CO)4

Fe(c0), _hy | Fe(C0); + €O (4)

is known fo be photosensitive with respect to CO loss in low temperature

8 9.10

matrices.” Photolysis of Fe(CO)g in the gas phase can even yield Fe atoms.
The consequences of such multiple coordinative unsaturation are not known
but we note no new products nor any change in the distribution of products in
the photocatalyzed reactions of alkenes represented by equations (1) and (2).
We have used a pulsed Nd-Yag laser (frequency tripled to yield 355 nm pulses)
excitation of Fe(CO)5 with <6 nsec pulses, 20 mJ/pulse, and sii]] find no
unusual effects on catalytic product distributions. Likewise, 532 nm (<7.nsec,

40 mJ/pulse) irradiation from a frequency doubled Nd-Yag laser does not alter

products from Fe3(C0)]2 photocatalysis.

"To summarize our main findings, we conclude that photolysis of Fe(QO)s
or Fe}(CO)}é yields an exceedingly active catalyst. The active catalyst is
Tikely not an excited state species since the excited lifetimesof Fe(CO)g or
FeS(CO)iZ are too short to effect Cata1ysis:$/ The active species is likely

an unsaturated ground state species photoprduced by loss of CO from Fe(CO)é

or Fe-Fe bond cleavage in Fés(co)izflga/wVery high turnover rates for alkene
isomerization and hydrosilation have been found. Moreover, very high turnover
nunbers (moles of product per mole of Fe initial]y.presgnt) are achieved. For
example, when a single flash yjelds ~§Oét£onversion of<;é${ 1-pentene using
~10'2 M Fe(CO)s the turnover number exceeds 400. Subsequent flashes yield an
even greater extent conversion to ultimately completely equilibrate the linear
pentenes:jy/High light intensity does not appear to alter the product distri-
bution where a number of products are possible {alkene + HSiEt3). The data
show that very high 1ight intensity can be used to produce product at a

high observed rate and with high quantum efficiency (>>1).
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Figure Caption

Near infrared spectral changes accompanying ultraviolet irradiation
(355 nm + 20 nm, -2 x10°° ein/min) of 2.0 ml of 1.86 x 1072 Fe(CO),

in neat 1-pentene. Features with an arrow pointing down are associated
with the 1-pentene that is consumed; features with an arrow poihting up
are associated with the cis- and trans-2-pentene products formed in a

- ~1:2.8 ratio.
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